Introduction
The fabrication of large-area high-quality graphene samples has opened new fields of research to investigate the feasibility of creating new two-dimensional crystal structures, particularly of semiconducting materials as well as the fabrication of van der Waals heterostructures exploring their physical interactions at the nanoscale of condensed matter [1] [2] [3] [4] [5] [6] [7] [8] [9] . Ever since the isolation of graphene was first achieved in 2004 10 , a whole family of two-dimensional materials has been discovered and fabricated by means of the very simple exfoliation technique [11] [12] [13] [14] [15] [16] . For instance, hexagonal boron nitride (hBN) or transition-metal dichalcogenides (TMDC) such as tungsten disulfide (WS 2 ) and molybdenum disulfide (MoS 2 ) can be easily obtained by exfoliation from their bulk crystals based on breaking the weak interlayer bonding similar to that of graphite [14] [15] [16] . On the contrary, the fabrication of large areas of the respective material is virtually impossible with this procedure which allows only crystal flakes with lateral dimensions of a few microns to be prepared. Using metals with a low melting point such as elemental gallium, tin or even their alloys could fundamentally change this simple deposition technique due to their physical and chemical properties. Finally, the so-called solid-melt exfoliation might be a suitable approach to fabricate 2D materials in sizes up to the wafer-scale as demonstrated in previous studies [17] [18] [19] . Gallium (Ga) is an metallic element with an unusually low melting point of 29.7°C 20, 21 as compared to other metals. Strong electronic bonding states exist between two Ga atoms forming a Ga pair, whereas the bonding energy between Ga pairs is significantly lower 22 . Besides the liquid phase, Ga can exist in several different solid state modifications referred to as α-to γ-Ga phase occurring at different temperatures as measured under defined pressure and temperature conditions 23 as well as in a metastable supercooling phases 24, 25 . The investigation of atomically thin Ga films on semiconducting 3 substrates and their surface reconstruction behavior on these surfaces is still a matter of scientific studies [26] [27] [28] [29] . The discovery of ultra-thin gallium oxide sheets as well as the monochalcogenide gallium sulfide (GaS) has recently attracted attention since it provides a new approach of the exfoliation technique utilizing the liquid instead of a solid phase of a metal 17 . Carey et al. have exfoliated atomically thin layers of gallium oxide from the surface of the liquid phase of Ga onto an oxidized silicon wafer which was previously hydrophobized with a silane to create a patterned gallium oxide layer 17 . Using surface chemistry, they converted the oxide layer into two-dimensional GaS 17 . Recently, Kochat et al. have demonstrated the exfoliation of "gallenene" -an atomically thin sheet of Ga -from the liquid Ga phase onto different substrates by means of a solid-melt exfoliation technique 18 .
In this context, they demonstrated the extraction of the (010) and (100) crystal planes (zigzag and honeycomb-like structure) from α-Ga, which were stabilized at ambient conditions due to strong interactions with the underlying substrates as underpinned by DFT calculations 18 . The honeycomb phase of gallenene occurs even in an epitaxially grown monocrystalline bilayer which is stabilized on the (0001) plane of gallium nitride (GaN). The gallenene layer has a thickness of only 0.55 nm and exhibits superconductivity at a higher transition temperature as compared to bulk Ga due to polarization effects from the underlying GaN substrate 30 . Recently, the epitaxial growth of gallenene on a Si(111) surface has been demonstrated by Tao et al. 26 . Also, of technological interest is the conversion of Ga into 2D GaN semiconductor layers by the chemical process of ammonolysis as described by Balushi et al. was shown 31 . There, a thin Ga layer was prepared by incorporation of Ga atoms between an epitaxial graphene sheet and the SiC substrate in a high temperature trimethylgallium atmosphere.
The preliminary work of different research groups has shown a large versatility of liquid Ga by downsizing the bulk material to the two-dimensional level. Based on the solid-melt exfoliation technique we demonstrate here a far more extensive large-scale deposition of gallenene by selfpropagation of gallium atoms. Taking into account the observed physical effects, we reveal at the same time a possible intercalation mechanism of epitaxially grown graphene. The physical properties of gallenene were investigated by optical microscopy, micro-reflection spectroscopy, scanning electron microscopy (SEM), and atomic force microscopy (AFM) as well as laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). In addition, confocal micro-Raman spectroscopy was used to evaluate the interlayer interactions between gallenene and graphene.
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Results and discussion
Deposition of gallenene on epitaxial graphene substrate. Optical images of large gallenenecovered areas as well as from regions acquired shortly after the solid-melt exfoliation are shown in Fig.   1b and c. A schematic representation of the fabrication process is depicted in Fig. 1a including the observed self-propagation of gallenene. In general, the deposition of a large gallenene layer has been achieved by depositing a droplet of liquid Ga (V ≈ 10 µl) onto the surface center of the SiC substrate (Fig. 1a, I ) which is covered with epitaxial graphene on top of the (0001) plane of 6H-SiC. The latter consists of monolayer graphene and the buffer layer which is covalently bonded to the Si-terminated side of the SiC substrate 32, 33 . The solid-melt exfoliation was initiated by placing a Ga droplet and the epitaxial graphene sample onto an object slide and heating them up to T ≈ 120 °C. This treatment results in a temperature gradient from the annealing source to the sample surface so that a lower surface temperature of epitaxial graphene sample can be assumed. However, since a higher process temperature could cause structural lattice defects in the graphene, the mentioned process temperature has not been exceeded. As indicated in Fig. 1a (I), the Ga droplet was spread only to the lower side of the sample by wiping the liquid metal across the substrate surface using a Teflon squeegee. The graphene layer on top of the buffer layer withstands this treatment and has neither been removed nor damaged throughout the solid-melt exfoliation as examined by Raman spectroscopy. Hence, we suggest, that liquid Ga acts as a lubricant during the solid-melt exfoliation decreasing the frictional force between the Teflon squeegee and the substrate surface. The propagation velocity of gallenene across the sample surface varies over time. Figure 1b (I-II) reveals a low propagation within the first 20 min, followed by a significant increase in the subsequent period (Fig. 1b , II-III) which resulted in complete coverage of the investigated area within the next 10 min (Fig. 1b, III) . A corresponding time lapse video of the gallenene self-propagation is 6 Fig. 1 A detailed AFM analysis of the uncovered graphene surface shows an orthogonal direction of terrace steps to ⃗ having an average step height of (0.66 ± 0.09) nm (Fig. 1b, IV-V) . We therefore suggest that the propagation of gallenene is energetically favored along the SiC terrace ( ⃗⃗ ), whereas the terrace steps presumably form an energetic barrier retarding the gallenene propagation along ⃗. Figure 1c clearly demonstrates that gallenene covers almost the whole width of the sample substrate while residues of Ga remain at the lower sample side. Finally, the self-propagation of gallenene affects the entire sample surface keeping the upper side of the sample free from any bulk Ga residues. The upper region of the sample thus allows further analytical investigations (e.g. SEM or
Raman spectroscopy) to be carried out and enables the post-processing of the gallenene-graphene heterostack for preparing further experiments. The propagation velocity of gallenene decreased with progressing time and it took a few hours until the lower sample side was completely covered (Fig. 1a, II -III). The total coverage of the top half, however, was completed only after a few days by storage of the sample at room temperature ( undoubtedly demonstrates the presence of gallium on the substrate and, thus, the existence of gallenene. The gallenene coverage across the substrate was also characterized by AFM. Figure 2d shows the topography of the SiC substrate including the typical terrace structure as already shown in the previous section on the pure epitaxial graphene surface. The topography image also shows a high density of small hole-like defects on the substrate, also known as micropipes. These surface defects occur in low crystal quality SiC wafers or could have been created during graphene fabrication employing the PASG process. The origin of the micropipes can be theoretically described by the Frank
Fig. 2 a) Optical micrograph of the area considered for the LA-ICP-MS measurements. Scale bar corresponds to a width of 140 µm. b) False color mapping of gallenene on epitaxial graphene substrate using LA-ICP-MS. c) Mass spectrum of pure epitaxial graphene (blue) and of graphene covered with gallenene (red) showing signal intensity of gallium isotopes 69 Ga and 71
Ga. Both spectra represent areas from LA-ICP-MS mapping (blue and red circle). d + e) AFM topography and phase image of gallenene on epitaxial graphene. The inset shows a magnified representation of the measured topography (red dashed box) specifically the transition from epitaxial graphene substrate to gallenene covered areas. Line profile in d) extracted from the topography (blue and red line) represents the thickness of gallenene (red) and the step height of the terraces (blue). f + g) SEM image of pure substrate and with gallenene covered areas. Scale bar corresponds to a width of 2 µm
theory, according to which they often appear due to bunching of several screw dislocations to a superscrew dislocation 38 . In addition, the growth of epitaxial graphene stops at dislocations, and under certain circumstances, these defects develop into bilayer or even few-layer graphene patches 39 . The identification of the deposited gallenene sheets from AFM topography images is challenging because the measured gallenene topography is disturbed by the dominant SiC terraces. In addition, during the AFM measurements, the gallenene area sometimes continues to spread. On the other hand, the AFM phase contrast image readily shows changes in the material properties, thus enabling the identification of pure epitaxial graphene and of gallenene (Fig. 2e) . A sharp transition boundary between areas of pure epitaxial graphene and large gallenene areas appears as a slight contrast change in the phase image (Fig. 2e) . The difference in height between the pure substrate and the gallenene-covered areas is particularly evident on the terrace steps of the substrate, so that average thickness of gallenene of about 1 nm can be observed (Fig. 2d , line no. 2, red line) which is approximately four times smaller compared to the value reported by Kochat el al. 18 . In contrast, the blue line shows an average terrace height of about 0.75 nm. High resolution SEM images ( Fig. 2f and 2g ) were generated to investigate especially the difference between gallenene-covered and non-covered areas of graphene on the SiC substrate. Figure 2f represents in detail a gallenene-free area obtained by In-Beam SEM imaging. This figure also shows the well-resolved characteristic terrace steps of the SiC wafer as indicated by bright marked lines along the SiC terrace step edges. The appearance of gallenene is evidenced by a brighter contrast (Fig. 2g ) compared to the pure epitaxial graphene region (Fig. 2f) . Additionally, various dark and bright (red dashed) lines appear within the gallenene film. The origin of the former is still unknown but could indicate grain boundaries of gallenene. The latter (bright lines) presumably corresponds to the characteristic terrace steps of the SiC wafer which remain visible even throughout the gallenene film (Fig. 2g) .
Optical properties of gallenene-graphene heterostack. Micro-reflection spectroscopy was used to roughly identify the optical properties of gallenene on the epitaxial graphene substrate within a spectral range from 450 to 800 nm based on the approach reported by Frisenda et al. 40 . Reflectivity measurements were carried out in a top-down backscattering optical setup using a halogen lamp. The acquired reflectance spectra (Fig. 3a) correspond to different measurement areas (see inlet of Fig. 3a) representing the pure epitaxial graphene substrate (black), gallenene (red) as well as a droplet of bulk Ga (blue). In general, the reflectance spectrum of gallenene and of the substrate reveal an almost similar spectral behavior, differing from each other only in the spectral range from 600 to 750 nm under the given conditions. The reflection efficiency of all materials rapidly decreases both below 500 nm and above 800 nm, since the spectral power distribution of the halogen lamp gradually collapses when approaching the UV or infrared range (Fig. 3a) . A relatively large reflection efficiency was measured for bulk Ga resulting from its typical metallic properties (Fig. 3a , blue curve). The differential reflectance spectra of gallenene and of bulk Ga (Fig. 3b) were obtained according to the approach of Frisenda et al. by calculating the ratio (R-R 0 )/R which is proportional to the absorption coefficient of the investigated material 40 . This approach allows the pure reflection line shapes of gallenene and bulk Ga to be extracted which are normally superimposed by the SiC substrate and the spectral power Frisenda et al. 7 . The grey-coloured line represents the calculated standard deviation. The red-coloured area (< 500 nm) marks spectral region of an increased uncertainty caused by the collapse of the spectral power distribution of the halogen lamp approaching the UV range distribution of the incident light source. In this context, the reflectance intensity of gallenene and of bulk Ga, respectively, (denoted R) as well as of the SiC substrate (denoted R 0 ) is considered. Figure   3b depicts the calculated differential reflectance spectra indicating a significant difference between bulk Ga and gallenene (blue and red lines, respectively). Finally, we have observed a differential reflectance of approximately 65% in case of bulk Ga, while the reflectance of gallenene unambiguously decreased down to roughly 12%. Therefore, the reflectance intensity might also be regarded as a parameter to distinguish between the solid and liquid phase of Ga. Kofman et al. have already demonstrated that the reflectance as well as the line shape function of the reflectance of bulk Ga changes particularly from 600 to 900 nm during the melting process from the solid phase into the liquid phase 20, 41 . The latter is indicated by a change of the slope of the reflectance function which results from the disappearance of interband transition levels and the rise of intraband transitions 20, 41 .
However, no such change of the line shape function appeared in the reflectance spectra of gallenene and bulk Ga in our measurements (Fig. 3b) . This might be an indication that both materials could rather exist in the liquid phase at room temperature and, thus, possibly correspond to the supercooling phase. However, it should be mentioned that Kofman et al. have carefully checked the growth conditions of the thin Ga film preparation, which has been carried out at low temperatures (T = 77 K) clearly below the melting point of Ga, and which might result in a higher structural order of their thin Ga films 41 . Hence, a low crystallinity of gallenene cannot be excluded in our experiments since the fabrication of a thin Ga film as well as the self-propagation takes place above the melting point of Ga 
Fig. 4 a) Optical micrograph of the gallene-graphene boundary indicating the area selected for Raman mapping (red square). b) Measured Raman signal of gallenene. Dark areas represent areas of pure epitaxial graphene substrate. Greencoloured areas correspond to gallenene c) Lateral 2D peak width distribution along the graphene-gallenene boundary. Green-coloured areas indicate regions of monolayer epitaxial graphene, whereas pink-coloured areas indicate the intercalation of epitaxial graphene caused by gallenene. Scale bar corresponds to a width of 5 µm d) G peak width distribution indicating electronic doping within graphene on gallenene-covered areas (blue-coloured areas). e) Raman spectra of pure epitaxial graphene (black line) and gallenene-graphene heterostack (red line). Raman signal related to gallenene appears below 250 cm -1 (dashed purple line). SiC phonon bands are marked with an asterisk. f) Time-dependent evolution of the phonon bands of graphene during the gallenene self-propagation. The intercalation of epitaxial graphene to QFBLG appears after 6 seconds.
Raman spectra from pure epitaxial graphene (black) and from the gallenene -epitaxial graphene stack (red) are depicted in Fig. 4e . Both Raman spectra contain phonon bands which belong to the SiC substrate (marked with an asterisk). Characteristic phonon bands of graphene appear at 1580 and 2670 cm -1 corresponding to the well-known G-and 2D peak. The physical origin of the D-, G-and 2D
peak of graphene has been extensively investigated and a description can be found elsewhere [43] [44] [45] [46] [47] . . However, no such phonon band appeared in the Raman spectra of gallenene (Fig. 4e, red line), presumably due to the low structural order of the gallenene lattice at room temperature as shown by differential reflection measurements. Moreover, the symmetrical stretching mode of Ga pairs was even absent in low temperature Raman experiments (T = 4 K ─ 303 K, results are not shown), evidencing the existence of a low crystalline phase under these conditions. On the other hand, one could reasonably expect that other Raman active phonon modes of gallenene which might differ from the space group symmetry of α-Ga would arise in the Raman spectrum corresponding to the hexagonal symmetry as has already been experimentally verified by Kochat et al. 18 . For instance, silicene is a material well known for exhibiting Raman active phonon modes which are different to those obtained from bulk silicon. They are generated by surface reconstruction effects resulting from the interaction with the underlying substrate 48 . The Raman spectrum of gallenene covered areas (Fig.   4e , red line) exhibits a strong signal between 45 and 750 cm -1 with its maximum occurring at ~104 cm -1 as compared to the Raman spectrum of the pure epitaxial graphene substrate (black line, Fig. 4e ).
However, the gallenene spectrum is not completely visible in the low-wavenumber range > 45 cm -1 as these bands have been cut by an edge filter placed in the optical path of the spectrometer (Fig. 4e, red line).
Raman spectroscopic investigations of bulk Ga droplets have revealed a comparable spectral line shape as compared to gallenene (Fig. S1 ) that was already observed by Lee and Kang even on thin β- . Based on their Raman data they suggested that a low crystallinity phase exist in those thin films, which cannot be assigned to known Raman active phonon modes of pure solid Ga or β-Ga 2 O 3 , but might rather indicate the presence of a Ga-rich oxide phase 49 . Hence, their data provide support to our experimental results indicating a low-crystalline gallenene to be formed after the deposition onto the SiC substrate when using the solid-liquid exfoliation technique.
Nevertheless, the observed background signal in the Raman spectrum could also arise from luminescence effects which is a typical behaviour of metallic materials. Thus, the Raman spectroscopic investigations rather confirm that a nanocrystalline or even an amorphous phase exist in . The former distribution denotes 2D peak widths typically measured for epitaxially grown monolayer graphene 50 while the latter rather indicates bilayer graphene. Figure 4g and h depict the subtracted Raman spectra of pure epitaxial graphene (black line) as well as of the gallenene -graphene heterostack (red line). The Raman spectrum of epitaxial graphene ( Fig. 4g and h ) consists of the G and 2D peak related to monolayer graphene and is accompanied by flat and broadened phonon bands of the buffer layer in the Raman spectral range from 1200 cm -1 to 1600 cm -1 33 . Remarkably, this buffer layer background vanishes on gallenene-covered areas as shown in Fig. 4g (red line) followed by an increase of the G peak intensity. Furthermore, the 2D peak line shape obviously changes on gallenene covered areas as depicted in Fig. 4h (red line) and can be fitted by four Lorentzian curves. The time-dependent evolution of the above-mentioned Raman spectral changes is represented in Fig. 4f showing the increase of the G peak intensity as well as the 2D peak broadening as soon as the Ga signal rises. Furthermore, Fig. 4f demonstrates a rather fast change of the spectral properties of graphene occurring within a time interval of approximately 6 s in this case. Generally, an asymmetric 2D peak line shape as well as the observed 2D peak width are prominent properties of bilayer graphene [51] [52] [53] as well as of quasi-freestanding bilayer graphene (QFBLG). The latter results from the intercalation of epitaxial graphene, for instance, by using a gaseous intercalation agent 54, 55 . Since the 2D peak of a pure epitaxial graphene monolayer is commonly fitted by a single Lorentzian curve 50 (blue line, Fig. 4h ), the 2D peak line shape asymmetry observed in our experiments provides evidence for the intercalation of epitaxial graphene into QFBLG in the presence of gallenene. The good agreement of the 2D peak behavior to QFBLG fabricated by gaseous intercalation might therefore point to a similar mechanism for the Ga intercalation. In this process, the Ga atoms induce breaking of bonds between buffer layer and SiC substrate and saturate the remaining Si dangling bonds, thereby forming a two-dimensional gallium layer in between the SiC substrate and the QFBLG. So far, however, it is not yet clear whether gallenene was also formed in between the two graphene layers. Raman spectroscopy shows no direct spectral evidence here, for instance, resulting from different strain levels in both carbon layers which would lead to G peak splitting. Thus, other optical techniques, for example cross-sectional transmission electron spectroscopy need to be used for clarification in additional experiments.
The deposition of metals on top of monolayer graphene is also able to change the G and 2D line shape as well, resulting in a spectral splitting of both peaks, whereby each of them is then generally fitted by two Lorentzian curves 56 .
To avoid a misinterpretation, we have carefully checked the characteristic dispersion behavior of bilayer graphene by considering the 2D peak position and its line shape at different laser energies (1.96 eV, 2.33 eV). The dispersion behaviour of the four Lorentzian peaks of the 2D peak reveals calculated slopes between 85.8 and 93.5 cm -1 eV -1 in our experiments (Fig. S3) indicating a similar behavior as described in the literature 57 . However, a more asymmetrical line shape of the 2D peak containing two distinct shoulders occurs depending on the laser energy ( Fig.   S4 ), which is typical of bilayer graphene resulting from its phonon dispersion behavior 43, 51 . Since the observed line shape cannot satisfactorily be fitted by one or two Lorentzian curves (Fig. S4) , we suggest that this line shape belongs to bilayer graphene. Unfortunately, the characteristic low energy out-of-plane phonon modes (around 100 cm -1 and 1800 cm -1 ) of bilayer graphene 58 are superimposed by the background signal of gallenene and the second order vibrational modes of SiC and, thus, they
were not observed in our Raman measurements.
The evaluation of electronic as well as physical interactions between gallenene and graphene was also achieved using confocal micro-Raman spectroscopy [59] [60] [61] [62] [63] [64] . Electronic doping within graphene significantly affects its Raman spectroscopic properties by changing especially the G peak position and peak width typically resulting in stiffening and sharpening of the G peak 59, 60 . . While the green areas indicate the absence of carrier doping in epitaxial graphene, the blue areas correspond to slight carrier doping presumably introduced due to the interaction with gallenene finally changing the carrier density of bilayer graphene. Furthermore, carrier doping originates only on gallenene covered areas and is delimited by a sharp border as shown in Fig. 4d . In addition, Fig. 4d depicts a non-homogenous distribution of the G peak width on gallenene covered areas which implies a rather heterogeneous doping across the graphene-gallenene heterostack. In this context, we have noticed a shift of the G peak position from (1598.9 ± 3.3) cm -1 down to (1593.8 ± 2.5) cm -1 (Fig. S3) , indicating a slight reduction of the strain level. Nevertheless, the G peak position is also superimposed by electronic doping 65 as has already been proved by the reduced G peak width. Considering the physical interaction between graphene and gallenene, the introduction of defects into the graphene lattice should also be taken into account.
The investigated areas of our samples do not reveal any increased defect density of graphene after the gallenene spreading (Fig. S5) . However, the rise of lattice defects cannot be fully excluded at this point, so further investigations are required.
The intercalation of epitaxial graphene supported by molecular gas species such as hydrogen, water vapour etc. has been extensively examined and strongly depends on the annealing temperature. Buffer layer intercalation was already achieved in air at temperatures around 250 °C and at atmospheric pressure 66 . Consequently, we have carefully checked our process conditions at an annealing temperature of 120 °C too, by annealing a pure epitaxial graphene sample. In summary, no
Raman spectral changes (e.g. change of the 2D peak line shape) of epitaxial graphene similar to those found for the solid-melt exfoliation experiments have been observed so far (results are not shown). Hence, an intercalation of epitaxial graphene by ambient molecules such as oxygen or water can be excluded during the solid-melt exfoliation process in this experiment.
We suppose, however, that the appearance of substrate defects such as micropipes (as proven by AFM measurements) as well as the lateral density of such defects across the substrate surface play a key role. In this context, a decreased surface energy of the SiC substrate resulting from micropipes might act as nucleation hot spots for Ga atoms. A similar effect was observed by Balushi et al.,
demonstrating that graphene wrinkles enhance the nucleation process of Ga introduced by the deposition of thin Ga films has already been observed previously 28, 29 and causes a surface reconstruction of the ultra-thin Ga film which itself depends on the Ga layer thickness. This leads us to the suggestion that the dangling bonds could act as a Coulomb driven capillary force in this intercalation process.
Conclusions
In summary, we have demonstrated the successful fabrication of a gallenene-graphene heterostack on a SiC substrate realized through the solid-melt exfoliation of liquid Ga. Although the exact mechanism of the gallenene self-propagation and a possible crystal lattice conversion of epitaxial graphene into QFBLG initiated through Ga intercalation has not yet been fully elucidated, we propose a mechanism as follows, which can be deduced from our experimental results. The graphene-gallenene interface is particularly formed in the presence of substrate defects such as holes and micropipes enabling the infiltration of the liquid Ga film. After all, the liquid Ga penetrates holes and intercalates the epitaxial graphene which releases the buffer layer and finally converts the epitaxial graphene into QFBLG as evidenced by confocal micro Raman spectroscopy. It has been shown that a time-dependent increase of the QFBLG area associated with the gallenene self-propagation on the macroscopic scale occurs after the fabrication process. The self-organized and self-limited process at ambient conditions neither requires specific environmental conditions to be met nor any additional physical or chemical treatment. We also suggest that dangling bonds at the SiC -buffer layer interface support the intercalation process, but this needs to be confirmed in further experiments. Moreover, this approach in combination with large-area PASG grown monolayer graphene sheets could open a new route towards a controlled fabrication of homogenous large-area 2D stacks employing liquid metals.
This could be followed by the conversion of the deposited metallene layer (based on Ga, In, Sn etc.)
into its corresponding semiconductor derivative, such as an oxide or nitride layer, and, thus, result in 2D-stacked polytypes.
Materials and methods
Substrate fabrication and treatment. Epitaxial graphene was grown on the Si-face of SiC samples (5 x 10) mm² cut from a semi-insulating 6H-SiC wafer with a nominal miscut angle of about 0.06° towards [1100] surface. The graphene samples were prepared according to the polymerassisted sublimation growth (PASG) technique which involves polymer adsorbates to be formed on the SiC surface by liquid phase deposition from a solution of a photoresist (AZ5214E) in isopropanol followed by sonication and short rinsing with isopropanol. The graphene layer growth was processed at 1750°C (argon atmosphere ~1 bar, 6 min, zero argon flow) with a pre-vacuum-annealing at 900°C 32, 54, 69 . The applied PASG method allows the growth of large-area ultra-smooth, homogenous monolayer graphene and it is therefore very well suited as the basis for the fabrication of large area two-dimensional gallenene sheets by solid-melt intercalation technique as described in this work.
Commercial Ga (99.99 % purity) was purchased from Heraeus. The deposition of liquid Ga was carried out similarly to the approach described for the exfoliation of thin gallium oxide films 17 , but in our case this method was employed on epitaxial graphene as a substrate and without the selective functionalization of the sample surface. More detailed information of the gallenene fabrication can be found in "Synthesis of gallenene on epitaxial graphene" within the section "Results and discussion". 
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